Abstract. Few white dwarfs, located in binary systems, may acquire sufficiently high mass accretion rates resulting in the burning of carbon and oxygen under nondegenerate conditions forming a O+Ne+Mg core. These O+Ne+Mg cores are gravitationally less bound than more massive progenitor stars and can release more energy due to the nuclear burning. They are also amongst the probable candidates for low entropy r-process sites. Recent observations of subluminous Type II-P supernovae (e.g., 2005cs, 2003gd, 1999br, 1997D) were able to rekindle the interest in 8 -10 M ⊙ which develop O+Ne+Mg cores. Microscopic calculations of capture rates on 24 Mg, which may contribute significantly to the collapse of O+Ne+Mg cores, using shell model and proton-neutron quasiparticle random phase approximation (pn-QRPA) theory, were performed earlier and comparisons made. Simulators, however, may require these capture rates on a fine scale. For the first time a detailed microscopic calculation of the electron and positron capture rates on 24 Mg on an extensive temperature-density scale is presented here. This type of scale is more appropriate for interpolation purposes and of greater utility for simulation codes. The calculations are done using the pn-QRPA theory using a separable interaction. The deformation parameter, believed to be a key parameter in QRPA calculations, is adopted from experimental data to further increase the reliability of the QRPA results. The resulting calculated rates are up to a factor of 14 or more enhanced as compared to shell model rates and may lead to some interesting scenario for core collapse simulators.
Introduction
White dwarfs located in a binary system may end their lives in two possible ways. They may accrete from a companion and achieve the Chandrasekhar mass thereby triggering a thermonuclear runaway of the object and ultimately exploding as a Type Ia supernova. In this case no remnant is left behind. Alternatively these massive white dwarfs, for sufficiently high mass accretion rates, may allow the formation of O+Ne+Mg cores and due to the high prevailing central density (beyond 10 10 gcm −3 ) experience rapid electron capture that lead to the collapse of the core [1] . This is termed as accretioninduced collapse (AIC). The end product is a neutron star (in some double-degenerate scenario, two white dwarfs in a short-period binary system may eventually coalesce to form a massive white dwarf that exceeds the Chandrasekhar mass limit and in this case transition to a black hole is possible if the total proto-neutron star mass exceeds the general-relativistic limit for gravitational stability [2] ). The ultimate fate of these white dwarfs are dependent on many factors, e.g. temperature of the environment, the mass accretion rate on the newly formed white dwarf, and the mass of each partner white dwarf [2] . The occurrence rate of the AIC of white dwarfs is not determined reliably, and are not expected to occur more than once per 20 -50 standard Typa Ia events (see for example [2] ).
Supernova explosions from the collapse of O+Ne+Mg cores remain a potential research interest for astrophysical reasons. Its smaller core and smaller gravitational potential may allow the star to explode hydrodynamically. They are also proposed as a probable candidate for the site of r-process as compared to the "neutrino wind" mechanism based on the condition that they may explode by the prompt bounce-shock mechanism [2] [3] [4] [5] . A detailed analysis of the core evolution of massive stars may be found in [1] .
The evolution of the stars in the mass range 8 -10 M ⊙ develops central cores which are composed of 16 O, 20 Ne and 24 Mg. Oda et al. [6] employed shell model wave functions of the sd-shell nuclei developed by Wildenthal [7] and calculated the capture rates which contribute to the collapse of the O+Ne+Mg core. Oda et al. [6] pointed out three different series of electron capture in the O+Ne+Mg core of the 8 -10 M ⊙ stars and placed them in the order of low threshold energy as 24 Mg → 24 Na → 24 Ne, 20 Ne → 20 F → 20 O, and 16 O → 16 N → 16 C. They, however, renounced the last series in their calculations because of its high threshold energy which did not contribute significantly to the initiation of the collapse of the O+Ne+Mg core of the 8 -10 M ⊙ stars.
A reasonably large number of recent observations and accumulation of data regarding Type II-P supernovae lead to a rejuvenation of debate on the fate of O+Ne+Mg cores. Earlier Gutiérrez et al. [8] argued that the abundance of 24 Mg was considerably reduced in updated evolutionary calculations. However the procedure adopted by them was not fully consistent as they kept the ratio of oxygen to neon constant while parameterizing the abundance of 24 Mg. Later Kitaura et al. [9] presented simulation result of these cores (keeping capture rates on 24 Mg as a key ingredient) using an improved neutrino transport treatment. Their outcome was not a prompt but a delayed explosion. Kitaura and collaborators [9] used the shell model capture rates of Takahara et al. [10] as a key nuclear input parameter in their simulation codes in the non-nuclear statistical equilibrium regime. One of the reasons for this spherical core collapse simulations not to explode was the reduced electron capture rates employed in their simulations. This reduced capture rate slowed the collapse process and resulted in a large shock radius. Electron captures on proton and positron captures on neutron play a very crucial role in the supernovae dynamics. During the collapse and accretion phases, these processes exhaust electrons, thus decreasing the degenerate pressure of electrons in the stellar core. Meanwhile, they produce neutrinos which carry the binding energy away. Therefore, electron and positron captures play key role in the dynamics of the formation of bounce shock of supernova. The Type II supernovae take place in heavy stars. The positron captures are of great importance in high temperature and low density locations. In such conditions, a rather high concentration of positron can be reached from e − +e + ↔ γ +γ equilibrium favoring the e − e + pairs. The electron captures on proton and positron captures on neutron are considered important ingredients in the modeling of Type II supernovae [11] .
The key purpose of reporting this work is the presentation of the newly calculated microscopic calculation of the electron and positron capture rates using the pn-QRPA theory with separable interaction. Due to the extreme conditions prevailing in the cores of O+Ne+Mg stars, interpolation of calculated rates within large intervals of temperature-density points posed some uncertainty in the values of capture rates for collapse simulators. As such the calculation is done on a detailed temperature and density grid pertinent to presupernova and supernova environment and should prove more suitable for running on simulation codes.
The pn-QRPA theory is proven to be quite successful in the calculation of stellar weak rates. Earlier Nabi and Klapdor [12] used the pn-QRPA theory to calculate the weak interaction rates for 178 sd-shell nuclei [12] and 650 fp/fpg-shell [13] nuclide in stellar matter. The reliability of the pn-QRPA calculations was discussed in detail by Nabi and Klapdor [13] . There the authors compared the measured data (half lives and Gamow-Teller (GT) strength) of thousands of nuclide with the pn-QRPA calculations and got fairly good comparison. Later the decay and capture rates of nuclei of astrophysical importance were studied separately in detail and were compared with earlier calculations wherever possible both in sd-shell [14] and fp-shell (e.g. [15] [16] [17] ) regions. Compared to shell model calculations, the pn-QRPA gives similar accuracy in reproducing beta-decay and capture rates in sd-shell nuclei [14] . The deformation parameter is as an important parameter for QRPA calculations as pairing [18] . For the case of even-even nuclei, experimental deformations are available [19] and were employed in this work.
In this paper a detailed calculation of electron and positron capture rates on 24 Mg is being presented for the first time at temperature-density intervals suitable for simulation purposes. The presence of 24 Mg in the core is a result of the previous phase of carbon burning and its relevance is due to its lower electron capture threshold. Section 2 briefly discusses the formalism of the pn-QRPA calculations. Section 3 presents some of the calculated results. Comparison with earlier calculations is also included in this section. The conclusions are given in Section 4 and at the end Table 1 presents the detailed calculation of electron and positron capture rates on 24 Mg.
Formalism
The Hamiltonian for the calculations was chosen to be of the form
where H sp is the single-particle Hamiltonian, V pair is the pairing force, V ph GT is the particle-hole (ph) Gamow-Teller force, and V pp GT is the particle-particle (pp) GamowTeller force. Single particle energies and wave functions were calculated in the Nilsson model, which takes into account nuclear deformations. Pairing was treated in the BCS approximation. The proton-neutron residual interactions occurred as particlehole and particle-particle interaction. The interactions were given separable form and were characterized by two interaction constants χ and κ, respectively. In this work, the values of χ and κ was taken as 0.001 MeV and 0.05 MeV, respectively. Other parameters required for the calculation of weak rates are the Nilsson potential parameters, the deformation, the pairing gaps, and the Q-value of the reaction. Nilsson-potential parameters were taken from Ref. [20] and the Nilsson oscillator constant was chosen ashω = 41A −1/3 (MeV ) (the same for protons and neutrons). The calculated half-lives depend only weakly on the values of the pairing gaps [21] . Thus, the traditional choice of ∆ p = ∆ n = 12/ √ A(MeV ) was applied in the present work. The deformation parameter is recently argued to be one of the most important parameters in QRPA calculations [18] and as such rather than using deformations from some theoretical mass models (as used in earlier calculations of pn-QRPA capture rates) the experimentally adopted value of the deformation parameters for 24 Mg, extracted by relating the measured energy of the first 2 + excited state with the quadrupole deformation, was taken from Raman et al. [19] . Q-values were taken from the recent mass compilation of Audi et al. [22] .
The electron capture (ec) and positron capture (pc) rates of a transition from the ith state of the parent to the jth state of the daughter nucleus is given by
The value of D was taken to be 6295s [23] and the ratio of the axial vector to the vector coupling constant as -1.254 [24] . B The total electron (positron) capture rate per unit time per nucleus was then calculated using
The summation over all initial and final states was carried out until satisfactory convergence in the rate calculations was achieved. Here P i is the probability of occupation of parent excited states and follows the normal Boltzmann distribution. It is pertinent to mention that experimental data was incorporated in the calculations wherever possible to further increase the reliability of the calculated capture rates. In addition to the incorporation of the measured value of the deformation parameter, the calculated excitation energies (along with their log f t values) were replaced with an experimental one when they were within 0.5 MeV of each other. Missing measured states were inserted and inverse and mirror transitions were also taken into account. No theoretical levels were replaced with the experimental ones beyond the excitation energy for which experimental compilations have no definite spin and/or parity. This means that no theoretical levels were replaced in the parent 24 Mg beyond 9.3 MeV. For the daughter nuclei no replacement was done in 24 Na beyond 1.3 MeV (for the electron capture direction) and in 24 Al beyond 1.1 MeV (for the positron capture direction).
Results and Discussions
The Gamow-Teller strength distributions, B(GT±), and the associated electron and positron capture rates on 24 Mg were calculated using the pn-QRPA theory. Quenching of the GT strength was taken into account and a standard quenching factor of 0.77 was used [26] . The calculation was performed for a total of 132 excited states of 24 Mg up to excitation energies in the vicinity of 40 MeV (corresponding to first 100 excited states) in the daughters 24 Na and 24 Al. The summed B(GT+) strength is shown in Fig.1 . It is to be noted that the experimentally extracted total B(GT+) strength for excitation energy region up to 7 MeV (where the density of states is still low enough to analyze single peaks) is 1.36 [27] . The corresponding calculated value reported in this work comes to be 2.53. The earlier reported pn-QRPA value was 2.65 [14] . The differences in the BGT(+) value and in the calculated capture rates compared to those of Ref. [14] are attributed primarily to the choice of deformation parameter and incorporation of all experimental levels (along with their logf t values, if available) as stated in previous section. Whereas the authors in [14] incorporated a deformation parameter of 0.435 according to the mass formula of Möller and Nix [28] , in this work the measured value of 0.606 [19] is taken to be the deformation parameter for 24 Mg. Details on the sensitivity of B(GT+) strength as a function of deformation parameter can be found in [29] . Regarding the measured value of the GT strength, it is to be noted that Rakers and collaborators [27] employed a sd-model space and the universal sd residual interaction [30, 31] to calculate the wave functions. The authors in [27] argued that the full model space calculation was not possible and they had to truncate the model space which subsequently lead to uncertainties and the authors had some reservations in the interpretation of their data. The pn-QRPA value reported in this work is close to the reported shell model value of 2.1 of Brown and Wildenthal [30] and Wildenthal [31] . Takahara et al. [10] reported a value of 1.30. The total calculated GT strength in this work is 3.34 (quenched). Fig.2 depicts the summed B(GT-) strength as a function of excitation energies in the daughter nucleus 24 Al. The total strength comes to 3.34 (quenched) and the Ikeda sum rule is fulfilled in the calculations.
Moving on to the calculation of capture rates, Fig.3 shows four panels depicting the calculated electron capture rates at selected temperature and density domain. The upper left panel shows the electron capture rates in low-density region (ρ[gcm 10 11 ). The capture rates are given in logarithmic scale. It can be seen from this figure that in the low density region the capture rates, as a function of temperature, are more or less superimposed on one another. This means that there is no appreciable change in the rates when increasing the density by an order of magnitude. However as one moves from the medium low density region to high density region these rates start to 'peel off' from one another. Orders of magnitude difference in rates are observed (as a function of density) in high density regions. For a given density the rates increase monotonically with increasing temperatures. One also notices that the electron capture rates coincide at T 9 = 30K except for the high density region (where T 9 gives the stellar temperature in units of 10 9 K). One of the channels for the energy release from the star is the neutrino emission which is mainly from the e/e + capture on nucleons and e ± annihilation. Positron capture plays a crucial role in the dynamics of stellar core. They play an indirect role in the reduction of degeneracy pressure of the electrons in the core. . The positron capture rates are given in logarithmic scales. It is to be noted that the positron capture rates are very slow as compared to electron capture on 24 Mg. The positron capture rates enhance as temperature of the stellar core increases and decrease with increasing stellar density. One should note the order of magnitude differences in positron capture rates as the stellar temperature increases. It can be seen from this figure that in the low density region the positron capture rates, as a function of temperature, are more or less superimposed on one another (similar to the case of electron capture rates). One also observes that the positron capture rates are almost the same for the densities in the range (10 − 10 6 )g/cm 3 . However as one moves from the medium high density region to high density region these rates also start to 'peel off' from one another. When the densities increase beyond the above stated range a decline in the positron capture rate starts. For a given density the rates increase monotonically with increasing temperatures.
The reported capture rates on 24 Mg were also compared against two earlier calculations.
Fuller, Fowler and Newman [32] (hereafter FFN) compiled the experimental data and calculated electron and positron capture rates (besides other weak-interaction mediated rates) for the nuclei in the mass range A = 21-60 for an extended grid of temperature and density. The GT strength and excitation energies were calculated using a zero-order shell model. For the discrete transitions for which the f t values were not available FFN took log f t = 5.0. Later Oda et al. [6] performed an extensive calculation of stellar weak interaction rates of sd-shell nuclei in full (sd) nshell model space. They used the effective interaction of Wildenthal [7, 33, 34] and the available experimental compilations for their calculations. Fig.5 compares the reported electron capture rates against those of Oda et al. [6] and FFN [32] . It is to be noted that the first two factors in the calculation of capture rates in Eqtn. (2) are similar in all three calculations. Whereas the first factor is a constant, the second factor constitutes the calculation of phase space integrals. The formalism for the calculation of these integrals is similar in all calculations and are dependent only on corresponding stellar temperatures, densities and Fermi energies. The main difference in the three calculations arises because of the third factor (calculation of reduced transition probabilities) which contains in it the in-built nuclear structure effects. In Fig.5 R ec (QRP A/OHMT S) (in the upper panel) is the ratio of the reported electron capture rates to those calculated using shell model by Oda et al [6] whereas R ec (QRP A/F F N) (in the lower panel) is the ratio of the reported electron capture rates to those calculated by FFN [32] . The shell model electron capture rates are usually in good agreement with the FFN rates. The reported pn-QRPA electron capture rates are enhanced for all values of temperature and density compared to both shell model and FFN results. This is one major difference with the earlier reported capture rates on 24 Mg [14] . For densities around ρ[gcm −3 ] = 10 3 , the pn-QRPA rates are enhanced by as much as factor of 14 or more as compared to the corresponding shell model rates. As the density of the stellar matter increases, the enhancement ratio decreases. The pn-QRPA electron capture rates are enhanced by as much as factor of 13 around ρ[gcm
and roughly by a factor of 4 at high density around ρ[gcm −3 ] = 10 11 . Core-collapse simulators should take note of these enhanced reported electron capture rates. These rates might contribute to some interesting simulation results. A similar comparison for positron capture (pc) rates against previous calculations is shown in the two panels of Fig.6 . Here one notes that the reported pn-QRPA positron capture rates are relatively in better agreement with the FFN rates although both FFN and shell model rates are enhanced. Due to orders of magnitude differences the ratios are plotted on a logarithmic scale in Fig.6 . The comparisons are fairly good at high temperatures. It is worth mentioning that the positron capture rates are very small numbers and can change by orders of magnitude by a mere change of 0.5 MeV, or less, in parent or daughter excitation energies and are more reflective of the uncertainties in the calculation of energies.
The calculated electron and positron capture rates on 24 Mg on a fine scale of stellar temperature-density is given in Table 1 . The calculated rates are tabulated in logarithmic (to base 10) scale. In the table, -100.000 means that the rate is smaller than 10 −100 . The first column gives log(ρY e ) in units of gcm −3 , where ρ is the baryon density and Y e is the ratio of the electron number to the baryon number. Stellar temperatures (T 9 ) are measured in 10 9 K. Stated also are the values of the Fermi energy of electrons in units of MeV. λ ec (λ pc ) are the electron(positron) capture rates in units of sec −1 (Eqtn. 3). The ASCII file of Table 1 is also available and can be received from the author upon request.
Conclusions
The pn-QRPA theory with separable interaction was used to calculate the electron and positron capture rates on 24 Mg on a much detailed temperature-density grid point suitable for simulation purposes. Deformation parameter, which is believed to be one of the important parameters of pn-QRPA calculations, was taken from the experimental compilation to further increase the reliability of the calculations. The reported electron capture rates are enhanced, by as much as a factor of 12, compared to the shell model results of Oda and collaborators [6] .
There exists a wide variety of discrepant results in the supernova simulations of O+Ne+Mg cores including prompt explosions, delayed explosions and no explosions. Fryer et al. [35] and Kitaura et al. [9] pointed that a possible explanation to these varying results could be explained by the different nuclear equation of states employed in the simulations and the treatment of capture rates on a large variety of nuclei both in nuclear statistical equilibrium (NSE) and in the non-NSE regime. Recent simulations of O+Ne+Mg cores by Gutiérrez et al. [8] and Kitaura et al. [9] employ the shell model capture rates of Oda et al. [6] and Takahara et al. [10] , respectively. The spherical core collapse simulations do not explode partly because of the reduced electron capture rates in the non-NSE regime slowing the collapse and resulting in a large shock radius.
It can be expected that a parameter-free multi-dimensional model, with neutrino transport included consistently throughout the entire mass, including a complete treatment of multidimensional convection and burning phases might lead to a better understanding of the phenomena of supernova explosions. Incorporation of the reported (enhanced) capture rates might point toward still lower values of Y e and lower entropy in the stellar core and might give some interesting results for simulators transforming a collapse into an explosion. 
